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2.1. Specimens preparation 
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2.2. Measurements of tube expanding percentage k 
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%HIRUH H[SDQGLQJ HDFK WXEH LQVLGH GLDPHWHUଵ DQG HDFK WXEHVKHHW KROH GLDPHWHU DUH PHDVXUHG  WLPHV
XVLQJLQVLGHGLDPHWHUPLFURPHWHUJDXJHDORQJWKHD[LDOGLUHFWLRQLQWKHH[SDQVLRQORFDWLRQ$OVRRXWVLGHGLDPHWHU
RIHDFKWXEHLVPHDVXUHGWLPHVE\RXWVLGHGLDPHWHUPLFURPHWHUJDXJH%\DYHUDJLQJWKHVHGDWDˈଵDQGDUH
HYDOXDWHG7KHQWKHMRLQWVZHUHK\GUDXOLFDOO\H[SDQGHGXQGHUWKHVSHFLILHGH[SDQGLQJSUHVVXUH$IWHUH[SDQGLQJWKH
H[SDQGHG SDUW RI HDFK WXEH LV PHDVXUHG  WLPHV IRU WKH GLDPHWHU DQG DYHUDJHG WR JHWଷ 7KHQ WXEH H[SDQGLQJ
SHUFHQWDJHV IRUGLIIHUHQWSUHVVXUHDQGGLIIHUHQWPDWHULDOVFRPELQDWLRQVZHUHFDOFXODWHGEDVHGRQ(TV DQG
DQGWKHUHVXOWVDUHOLVWHGLQ7DEOH
2.3. Pull-out force and push-out force experiments 
$IWHU FDOFXODWLQJ WXEH H[SDQGLQJ SHUFHQWDJH SXOORXW IRUFH H[SHULPHQWV ZHUH FDUULHG RXW RQ WKH H[SDQGHG
WXEHVKHHW&&DQG&7KLVSDUWRIWKHWHVWZDVGLYLGHGLQWRVWHSVQDPHO\FXWWLQJLQVHUWLQJDQGGUDZLQJ7KH
³FXWWLQJ´VWHSLVWRVHSDUDWHWKHH[SDQGHGWXEHVKHHWLQWRLQGLYLGXDOE\(OHFWULF'LVFKDUJH0DFKLQLQJ('0LQRUGHU
WRSHUIRUPWKHSXOORXW WHVWVDV VKRZQ LQ)LJ7KH³LQVHUWLQJ´VWHS LV WR LQVHUWDQGZHOGDVWHHOEDUZLWKURXQG
VHFWLRQDODUHDPDWFKHGWRWKHLQVLGHGLDPHWHURIWKHWXEHLQWKHHQGRIHDFKWXEHWRDYRLGGHIRUPDWLRQRIWKHFODPSHG
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WXEHHQGXQGHUWKHD[LDOSXOOLQJRXWORDGRQWKHWHVWPDFKLQHDVVKRZQLQ)LJ7KHZHOGLQJKDVQRLQIOXHQFHRQ
H[SDQGLQJEHFDXVHLWLVIDUIURPWKHMRLQWV7KHFODPSLVVKRZQLQ)LJ7KH³GUDZLQJ´VWHSLVWRSXOOWKHWXEHRXW
RIWKHWXEHVKHHWDVVKRZQLQ)LJ
6LPLODUWRWKHSXOORXWWHVWVSXVKRXWH[SHULPHQWVRQWKHVSHFLPHQV$$DQG$ZHUHFRQGXFWHG,QVWHDGRI
XVLQJ WKH FODPS LQ )LJ  D WRUXV DQG IRXU UHFWDQJXODUPHWDOV DUH XVHG WR SDG WKH MRLQW 7HVWLQJPDFKLQH FKXFN
GHFOLQHVJUDGXDOO\SXVKLQJWKHWXEHRXWRIWXEHVKHHWDORQJWKHD[LDOGLUHFWLRQ3XVKRXWWHVWVDUHVKRZQLQ)LJ
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([SHULPHQWDOUHVXOWVRISXOORXWDQGSXVKRXWIRUFHVDUHOLVWHGLQ7DEOH,QWKHWDEOHWKHUHLVQRYDOXHRISXVK
RXW IRUFH IRU $ WXEHVKHHW 7KLV LV EHFDXVH WKH WXEH LV QRW SXVKHG RXW IURP WKH WXEHVKHHW ZKHQ VHULRXV SODVWLF
GHIRUPDWLRQDSSHDUVGXULQJWKHSXVKRXWSURFHVV
7DEOH([SHULPHQWDOUHVXOWVRISXOORXWDQGSXVKRXWIRUFHV
7XEHVKHHW
QXPEHU
([SDQVLRQ
SUHVVXUH03D
3XVKRXWIRUFH
RI$03D
3XOORXWIRUFH
RI&03D
$&
  
  
  
  
  
  
  
$&
  
  
  
  
  
  
  
$&
  
  
  
  
  
  
  
([SHULPHQWDOUHVXOWVDQGGLVFXVVLRQV
3.1. Relationship between tube expanding percentage and expansion pressures 
$FFRUGLQJ WR WKH H[SHULPHQWDO UHVXOWV OLVWHG LQ WDEOH  IRU  DQG 0Q PDWHULDOV FRPELQDWLRQ WKH WXEH
H[SDQGLQJSHUFHQWDJHNLVSORWWHGDJDLQVWWKHH[SDQGLQJSUHVVXUH3LQ)LJ)LJDVKRZVWKHWXEHH[SDQGLQJ
SHUFHQWDJHEDVHGRQWKHWXEHWKLFNQHVVUHGXFWLRQPHWKRGZKLOH)LJELVIRUWKHWXEHH[SDQGLQJSHUFHQWDJHEDVHG
RQ LQQHU GLDPHWHU FRQWUROPHWKRG ,Q WKH ILJXUH GRWV UHSUHVHQW WKH H[SHULPHQWDO UHVXOWV DQG WKH OLQH LV IURP WKH
HPSLULFDOHTXDWLRQZKLFKILWWHGWKHGDWDRIWKHWXEHH[SDQGLQJSHUFHQWDJHRYHUWKHUDQJHRIH[SDQGLQJSUHVVXUH
IURP03DWR03D
)RUDQG0QFRPELQDWLRQWKHHPSLULFDOHTXDWLRQRIWXEHH[SDQGLQJSHUFHQWDJHDUH
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6LPLODUO\IRU6DQG6VWDLQOHVVVWHHOVWKHUHODWLYHUHODWLRQVKLSVEHWZHHQWXEHH[SDQGLQJSHUFHQWDJH
DQGH[SDQGLQJSUHVVXUHEDVHGRQWKHH[SHULPHQWDOGDWDDUHUHJUHVVHGLQ)LJDQG)LJUHVSHFWLYHO\
)RU6WXEHDQGWXEHVKHHWPDWHULDOVWKHUHJUHVVHGHTXDWLRQVDUH
 

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
)RU6WXEHDQGWXEHVKHHWPDWHULDOVWKHUHJUHVVHGHTXDWLRQVDUH
 

        

P
k
  u
   D
 

         

P
k
  u
   E
,W LV FOHDU WKDW IRU ZKDWHYHU PDWHULDOV FRPELQDWLRQV DQG ZKDWHYHU FDOFXODWLRQ PHWKRGV WKH WXEH H[SDQGLQJ
SHUFHQWDJHVLQFUHDVHOLQHDUO\ZLWKLQFUHDVLQJWKHH[SDQGLQJSUHVVXUH
*%UHFRPPHQGVWKDWWKHWLJKWQHVVH[SDQGLQJUDQJHRIWXEHH[SDQGLQJSHUFHQWDJHEDVHGRQWXEHZDOO
UHGXFWLRQPHWKRG LV a WKH VWUHQJWK H[SDQGLQJ UDQJH LV a IRU FDUERQ VWHHO DQGa IRU VWDLQOHVV
VWHHO)URPWDEOHDQG)LJDWR)LJDLWLVVHHQWKDWIRUDQG0QFDUERQVWHHOPDWHULDOFRPELQDWLRQ
ZLWK WKH H[SDQVLRQ SUHVVXUH RI 03D DQG IRU ERWK RI 6 DQG 6 VWDLQOHVV VWHHO ZLWK WKH H[SDQVLRQ
SUHVVXUHRI03DWKHWXEHH[SDQGLQJSHUFHQWDJHDOUHDG\UHDFKHVRUHYHQH[FHVVHVUHTXLUHGE\WKHVWDQGDUG
UHTXLUHPHQW
,QDGGLWLRQWKHUDQJHRIWXEHH[SDQGLQJSHUFHQWDJHEDVHGRQLQQHUGLDPHWHUFRQWUROPHWKRGLVa7KLV
UDQJHLVVLPLODUWR/LX0LQ¶V>@UHVXOWVZKLFKLVa
)URPWKLVVWXG\LWVHHPVWKDWEDVHGRQWKHVWDQGDUGUHTXLUHPHQWVRIWLJKWQHVVH[SDQVLRQWKHH[SDQGLQJSUHVVXUH
VKRXOGEHFRQWUROOHGZLWKLQ03DIRUDQG0QFRPELQDWLRQ03DIRU6VWDLQOHVVVWHHO
DQG03DIRU6VWDLQOHVVVWHHO7RPHHWWKHUHTXLUHPHQWVRIVWUHQJWKH[SDQVLRQWKHH[SDQGLQJSUHVVXUH
VKRXOGEHKLJKHUWKDQ03DIRUDQG0QFRPELQDWLRQDQG03DIRU6DQG6VWDLQOHVVVWHHO
D E
)LJ7XEHH[SDQGLQJSHUFHQWDJHFKDQJLQJZLWKH[SDQVLRQSUHVVXUHV±DQG0QFDUERQVWHHO
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D E
)LJ7XEHH[SDQGLQJSHUFHQWDJHFKDQJLQJZLWKH[SDQVLRQSUHVVXUHV±6VWDLQOHVVVWHHO
D E
)LJ7XEHH[SDQGLQJSHUFHQWDJHFKDQJLQJZLWKH[SDQVLRQSUHVVXUHV±6VWDLQOHVVVWHHO
3.2. Relationship between pull-out forces and expansion pressures 
7KHFKDQJHRISXOORXWIRUFHZLWKH[SDQGLQJSUHVVXUHIRUWKHWKUHHPDWHULDOFRPELQDWLRQVLVSORWWHGLQ)LJ)LJ
 UHVSHFWLYHO\ 7KH GRWV DUH WKH H[SHULPHQWDO GDWD &OHDUO\ WKH SXOORXW IRUFH LQFUHDVHV ZLWK LQFUHDVLQJ WKH
H[SDQGLQJSUHVVXUHEXWWKHWUHQGLVQRWOLQHDU7KLVSKHQRPHQRQLVFRQVLVWHQWZLWKWKHUHIHUHQFH>@ZKLFKIRXQGWKDW
WKHUHVLGXDOFRQWDFWSUHVVXUHEHWZHHQRXWVLGHVXUIDFHRIWXEHDQGLQVLGHVXUIDFHRIWXEHVKHHWKROHLQFUHDVHGZLWKWKH
H[SDQGLQJ SUHVVXUH DQG NHHS D QHDU FRQVWDQW OHYHO DW VRPH KLJKHU OHYHO RI H[SDQGLQJ SUHVVXUH 7R IDFLOLWDWH
HQJLQHHULQJDSSOLFDWLRQVUHODWLRQVDUHREWDLQHGE\ILWWLQJWKHH[SHULPHQWDOGDWDDVIROORZV
)RUDQG0QFRPELQDWLRQWKHILWWHGHTXDWLRQIRUWKHSXOORXWIRUFHLV
     q P P    u   
)RU6PDWHULDOWKHILWWHGHTXDWLRQIRUWKHSXOORXWIRUFHLV
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     q P P    u   
)RU6PDWHULDOWKHILWWHGHTXDWLRQIRUWKHSXOORXWIRUFHLV
    q P P    u   
)LJ3XOORXWIRUFHFKDQJLQJZLWKH[SDQVLRQSUHVVXUHVIRU
DQG0QFDUERQVWHHO
)LJ3XOORXWIRUFHFKDQJLQJZLWKH[SDQVLRQSUHVVXUHVIRU
6VWDLQOHVVVWHHO

)LJ3XOORXWIRUFHFKDQJLQJZLWKH[SDQVLRQSUHVVXUHVIRU6VWDLQOHVVVWHHO
3.3. Relationship between push-out forces and expansion pressures 
)LJXUHDQG)LJVKRZWKHUHODWLRQVKLSVEHWZHHQSXVKRXWIRUFHVDQGH[SDQVLRQSUHVVXUHVUHVSHFWLYHO\IRU
ERWK 6 DQG 6 VWHHO FRPELQDWLRQV2EYLRXVO\ SXVKRXW IRUFHV LQFUHDVHZLWK WKH H[SDQGLQJ SUHVVXUHV
&RPSDULQJ)LJVDQG)LJVLWLVIRXQGWKDWLQJHQHUDOWKHSXOORXWIRUFHVDUHODUJHUWKDQSXVKRXWIRUFHV
HVSHFLDOO\ZKHQ WKHH[SDQGLQJSUHVVXUHVDUHKLJKHU7KLV UHVXOW LVFRQVLVWHQWZLWK UHIHUHQFH>@ ,W LV LQWHUHVWLQJ WR
QRWH WKDW WKHSXOORXWIRUFHVKDYHDGLIIHUHQW WUHQGIURPWKHSXOORXW IRUFHVUHJDUGLQJ WKHHIIHFWVRI WKHH[SDQGLQJ
SUHVVXUH
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)LJ3XVKRXWIRUFHFKDQJLQJZLWKH[SDQVLRQSUHVVXUHVIRU
6VWDLQOHVVVWHHO
)LJ3XVKRXWIRUFHFKDQJLQJZLWKH[SDQVLRQSUHVVXUHVIRU
6VWDLQOHVVVWHHO
3.4. Relationship between pull-out forces and tube expanding percentages 
7KH WXEHH[SDQGLQJSHUFHQWDJH LV WKHPRVW FRPPRQO\XVHGPHWKRG WR MXGJH WKH MRLQW VWUHQJWK LQHQJLQHHULQJ
SUDFWLFH7KHXOWLPDWHJRDOLVWRDFKLHYHWKHUHOLDEOHMRLQWV,QRUGHUWRSURYLGHDUHOLDEOHUHIHUHQFHWRHQJLQHHUVWKH
UHODWLRQVKLSEHWZHHQSXOORXWIRUFHDQGWXEHH[SDQGLQJSHUFHQWDJHLVSORWWHGLQ)LJ)LJ)URPWKHILJXUHVLW
LVIRXQGWKDWWKHWUHQGVDUHVLPLODUWR)LJ)LJ)RUDQG0QFDUERQVWHHOWKHSXOORXWIRUFHLQFUHDVHV
ZLWK WKH WXEH H[SDQGLQJ SHUFHQWDJH %XW IRU 6 RU 6 VWDLQOHVV VWHHO MRLQWV ZKHQ WKH WXEH H[SDQGLQJ
SHUFHQWDJH UHDFKHV  WKH SXOORXW IRUFH EHJDQ WR GHFUHDVH 7KLV LQGLFDWHV WKDW XQOLPLWHG LQFUHDVH RI WKH WXEH
H[SDQGLQJSHUFHQWDJHFDQQRWDOZD\VHQKDQFHWKHSXOORXWVWUHQJWKRIWKHMRLQWVLQVWHDGLWPD\UHGXFHWKHSXOORXW
IRUFHRI WKH MRLQWVEHFDXVHRI³RYHUH[SDQVLRQ´7KHUHIRUHRYHUH[SDQVLRQRI WKH MRLQWV LVQRWEHWWHU IRU WKH MRLQW
VWUHQJWK
)LJ3XOORXWIRUFHFKDQJLQJZLWKWXEHH[SDQGLQJSHUFHQWDJHV
IRUDQG0QFDUERQVWHHO
)LJ3XOORXWIRUFHFKDQJLQJZLWKWXEHH[SDQGLQJSHUFHQWDJHV
IRU6VWDLQOHVVVWHHO
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
)LJ3XOORXWIRUFHFKDQJLQJZLWKWXEHH[SDQGLQJSHUFHQWDJHVIRU6VWDLQOHVVVWHHO
,WVKRXOGEHSRLQWHGRXWWKDWVWDQGDUGVUHTXLUHWKDWLQRUGHUWRHQVXUHSXOORXWVWUHQJWKWKHWXEHVKHHWKROHVKRXOG
EHVORWWHGIRUVWUHQJWKH[SDQGLQJ+RZHYHUDFFRUGLQJWRWKHSUHVHQWH[SHULPHQWDOUHVXOWVLWLVIRXQGWKDWHYHQLIWKH
WXEHVKHHWKROH LVQRW VORWWHG WKHSXOORXW IRUFH LV IDUPRUH WKDQ03DIRUDQG0QMRLQWVZKHQH[SDQVLRQ
SUHVVXUH UHDFKHV 03DRUPRUHPHHWLQJ WKH VWDQGDUG UHTXLUHPHQW$QG IRU VWDLQOHVV VWHHO 6RU 6
ZKHQH[SDQVLRQSUHVVXUHUHDFKHV03DRUPRUHWKHUHTXLUHPHQWRISXOORXWIRUFHLVVDWLVILHG7KHUHIRUHLQWHUPV
RIWKHSXOORXWVWUHQJWKWXEHVKHHWKROHGRHVQRWKDYHWREHVORWWHGIRUK\GUDXOLFDOO\H[SDQGHGPHWKRG
&RQFOXVLRQV
,Q WKLV SDSHU WKH K\GUDXOLFDOO\ H[SDQGHG WXEHWRWXEHVKHHW MRLQWV IRU VKHOODQGWXEH KHDW H[FKDQJHUV ZHUH
H[SHULPHQWDOO\ VWXGLHG 7KUHH VHWV RI FRPPRQO\ XVHG WXEH DQG WXEHVKHHW PDWHULDOV ZHUH LQYHVWLJDWHG )RU WKH
FRQGLWLRQVVWXGLHGKHUH LH WKHWXEHVL]HRIĭ[PPDQGWKHWXEHVKHHW WKLFNQHVVRIPPZLWKWKHH[SDQGHG
OHQJWKRIPPWKHIROORZLQJFRQFOXVLRQVDUHGUDZQ
 7XEH H[SDQGLQJ SHUFHQWDJH LQFUHDVHVZLWK WKH LQFUHDVLQJ H[SDQVLRQ SUHVVXUH )RU WKH WLJKWQHVV H[SDQVLRQ
ZLWKWKHH[SDQGLQJSHUFHQWDJHRIWKHH[SDQVLRQSUHVVXUHRI03DLVVXIILFLHQWIRUWXEHDQG0Q
PDWHULDOVFRPELQDWLRQDQG03DIRUWKHVWDLQOHVVVWHHOFRPELQDWLRQV
7KHSXOORXWIRUFHLVOHVVWKDQSXVKRXWIRUFHEXWERWKRIWKHPLQFUHDVHZLWKLQFUHDVLQJH[SDQVLRQSUHVVXUH
8QOLPLWHGLQFUHDVHRIWKHWXEHH[SDQGLQJSHUFHQWDJHFDQQRWDOZD\VHQKDQFHWKHVWUHQJWKRIWKHMRLQWVLQVWHDG
LWPD\UHGXFHWKHSXOORXWIRUFHRIWKHMRLQWVEHFDXVHRI³RYHUH[SDQVLRQ´
 7KH UHODWLRQVKLSV EHWZHHQ WKH WXEH H[SDQGLQJ SHUFHQWDJH DQG H[SDQGLQJ SUHVVXUH DUH JLYHQ DQG DOVR
SURYLGHGDUHWKHHTXDWLRQVRIWKHUHODWLRQVKLSEHWZHHQWKHSXOORXWIRUFHDQGWKHWXEHH[SDQGLQJSHUFHQWDJH
5HIHUHQFHV
>@ *RRGLHU - 1 6FKRHVVRZ * - 7KH KROGLQJ SRZHU DQG K\GUDXOLF WLJKWQHVV RI H[SDQGHG WXEH MRLQWV DQDO\VLV DQG RI WKH VWUHVV DQG
GHIRUPDWLRQ7UDQV$60(-XO\
>@ *ULPLVRQ('/HH+([SHULPHQWDOLQYHVWLJDWLRQRIWXEHH[SDQGLQJ7UDQV$60(-XO\
>@ <RNHOO6WDQOH\([SDQGHGDQGZHOGHGDQGH[SDQGHG WXEHWRWXEHVKHHW MRLQWV>-@7UDQVDFWLRQVRI WKH$60(-RXUQDORI3UHVVXUH9HVVHO
7HFKQRORJ\
>@ <RNHOO6WDQOH\$SSURSULDWHFRUUHODWLRQVIRUDVVHVVLQJH[SDQGHGWXEHWRWXEHVKHHWMRLQWVWUHQJWK>-@7UDQVDFWLRQVRIWKH$60(-RXUQDORI
3UHVVXUH9HVVHO7HFKQRORJ\$XJXVW
>@ 0$OODP$%D]HUJXL$[LDO VWUHQJWK RI WKH WXEHWRWXEHVKHHW MRLQWV ILQLWH HOHPHQW DQG H[SHULPHQWDO HYDOXDWLRQV>-@ 7UDQV RI$60(
-RXUQDORI3UHVVXUH9HVVHO7HFKQRORJ\)HE
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>@ $16KXDLE10HUDK HW DO([SHULPHQWDO LQYHVWLJDWLRQRI KHDW H[FKDQJHU WXEHVKHHW KROH HQODUJHPHQW>-@7UDQV RI$60( -RXUQDO RI
3UHVVXUH9HVVHO7HFKQRORJ\)HE
>@ <DQ +XLJHQJ /L 3HLQLQJ =KDQJ %LQJVKHQJ 5HVHDUFK RQ +\GUDXOLFDOO\ ([SDQGLQJ RI +HDW ([FKDQJHUV 'HWHUPLQDWLRQ RI WKH
([SDQGLQJ3UHVVXUH>-@3UHVVXUH9HVVHO7HFKQRORJ\
>@ :DQJ+DLIHQJ6DQJ=KLIX7KHRUHWLFDO6ROXWLRQRI5HVLGXDO&RQWDFW3UHVVXUHRI+\GUDXOLF([SDQVLRQIRU3RZHU+DUGHQLQJ0DWHULDO>-@
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